The Smc5/6 holocomplex executes key functions in genome maintenance that include ensuring the faithful segregation of chromosomes at mitosis and facilitating critical DNA repair pathways. Smc5/6 is essential for viability and therefore, dissecting its chromosome segregation and DNA repair roles has been challenging. We have identified distinct epigenetic and post-translational modifications that delineate roles for fission yeast Smc5/6 in centromere function, versus replication fork-associated DNA repair. We monitored Smc5/6 subnuclear and genomic localization in response to different replicative stresses, using fluorescence microscopy and chromatin immunoprecipitation (ChIP)-on-chip methods. Following hydroxyurea treatment, and during an unperturbed S phase, Smc5/6 is transiently enriched at the heterochromatic outer repeats of centromeres in an H3-K9 methylation-dependent manner. In contrast, methyl methanesulphonate treatment induces the accumulation of Smc5/6 at subtelomeres, in an Nse2 SUMO ligase-dependent, but H3-K9 methylationindependent manner. Finally, we determine that Smc5/6 loads at all genomic tDNAs, a phenomenon that requires intact consensus TFIIIC-binding sites in the tDNAs.
Introduction
The evolutionarily conserved SMC (structural maintenance of chromosomes) family consists of three essential complexes, including cohesin (Smc1/3) that maintains sister chromatid cohesion until anaphase and condensin (Smc2/4) that facilitates chromosome compaction and decatenation during mitosis. The third member, Smc5/6, also has fundamental but mechanistically undefined functions in chromosome segregation and interestingly, all three SMC complexes facilitate DNA repair (Losada and Hirano, 2005; Nasmyth and Haering, 2005; Murray and Carr, 2008) .
Yeast Smc5 and Smc6 interact stably with each other and with six core subunits called non-SMC elements (Nse1-6). Mutations in any Smc5/6 subunit render cells hypersensitive to DNA-damaging agents and cause severe DNA segregation defects in the absence of exogenous DNA damage (Fousteri and Lehmann, 2000; McDonald et al, 2003; Morikawa et al, 2004; Pebernard et al, 2004; Torres-Rosell et al, 2005; Zhao and Blobel, 2005; Pebernard et al, 2006) . Smc5/6 is critical for repairing multiple types of DNA damage, including DNA double-strand breaks (DSBs) and collapsed replication forks (Lehmann et al, 1995; Fujioka et al, 2002; McDonald et al, 2003; Harvey et al, 2004; Pebernard et al, 2004; Potts and Yu, 2005; Torres-Rosell et al, 2005; Zhao and Blobel, 2005) . Smc5/6 binds proximal to and promotes the repair of both lesions, apparently by stimulating homologous recombination (HR) between sister chromatids (De Piccoli et al, 2006; Lindroos et al, 2006; Potts et al, 2006) . Interestingly, Smc5/6 also blocks pathological HR-dependent processes during replicative stress; as under such conditions, hypomorphic Smc5/6 mutants accumulate RAD51-dependent toxic recombination intermediates that impede chromosome segregation at mitosis (Branzei et al, 2006; Miyabe et al, 2006; Pebernard et al, 2006) . The Smc5/6 non-SMC subunit Nse2 is a SUMO E3 ligase conserved from yeast to man (Andrews et al, 2005; Potts and Yu, 2005; Zhao and Blobel, 2005) . In fission yeast, the SUMO ligase-dead nse2-SA mutant supports cellular viability but renders cells sensitive to genotoxic agents, indicating the existence of critical Nse2 targets in DNA repair (Andrews et al, 2005) .
The genomic localization of budding yeast Smc5/6 has been determined (Lindroos et al, 2006) . However, the structure and regulation of budding yeast chromosomes are different from other eukaryotes. In particular, fission yeast and human centromeres are large repetitive heterochromatic structures maintained by a number of conserved proteins and mechanisms including RNAi, which are not found in budding yeast (Allshire, 2004; Zofall and Grewal, 2006) . In fission yeast, heterochromatin establishment, spreading and maintenance depend on a succession of histone deacetylation and methylation events (Grewal and Elgin, 2007) . A key step early in heterochromatin establishment is the di-methylation of histone H3 on lysine 9 (H3K9Me2) by the Clr4-Rik1-Cul4 complex. H3K9Me2 functions as a binding platform for chromodomain-containing proteins, for example, Swi6, which promote heterochromatin spreading and stable silencing of the modified loci (Grewal and Elgin, 2007) . Swi6 at centromeric heterochromatin recruits cohesin, which is required both to maintain centromeric cohesion and to structurally organize centromeres for proper kinetochore-spindle interactions, and faithful chromosome transmission at mitosis (Bernard and Allshire, 2002) .
We determined Smc5/6 localization (through the stable Nse4 subunit) and mechanisms of recruitment on the three fission yeast chromosomes, which has revealed important new information on the regulation and potential functions of the complex. Smc5/6 is transiently recruited to centromeres during early S phase (e.g. following hydroxyurea (HU) treatment), whereas exposure to methyl methanesulphonate (MMS) induces Nse4 accumulation at broad subtelomeric domains. Intriguingly, distinct signalling mechanisms promote the different genomic localizations of Smc5/6 following either HU or MMS treatment. Smc5/6 recruitment to centromeres depends on heterochromatin, whereas subtelomeric recruitment is enhanced by MMS-induced Nse2-dependent sumoylation. Finally, we show that Smc5/6 is localized at all transcriptionally active tRNA-coding sequences (tDNAs) throughout the genome. Overall, our results provide new insights on the genome-wide recruitment and thus, highlight potential functions of the Smc5/6 complex.
Results

Nse4 localizes to distinct subnuclear foci in response to HU and MMS treatment
To determine whether Smc5/6 subnuclear localization is governed by genotoxic stress, we monitored endogenously tagged Nse4-GFP in live cells. MMS treatment triggered the formation of multiple Nse4 foci ( Figure 1A and B). By contrast, HUtreated cells formed only one Nse4 focus ( Figure 1A and B). MMS-induced Nse4 foci often formed doublets around the nucleolus; similar to the perinucleolar tethering of Chr3 telomeric rDNA repeats (Chikashige et al, 1997; Figure 1A) . We hypothesized that the single HU-induced focus might correspond to the spindle pole body (SPB)/centromeric cluster (Chikashige et al, 1997 ; Figure 1A ). Therefore, we tested for colocalization between Nse4-GFP and either RFP-tagged Gar1 (nucleolar) or Nuf2 (centromeric) markers (Asakawa et al, 2005; Dovey and Russell, 2007) . In untreated cells, rare spontaneous foci were mostly perinucleolar ( Figure 1D and E). Following MMS treatment, B70% of the visible Nse4 foci were perinucleolar, and 10% were centromeric ( Figure 1C-H) . The remaining MMS-induced foci are often non-nucleolar doublets, which likely correspond to Chr1/2 telomeric clusters ( Figure 1F , upper panels). In HU-arrested cells, Nse4 colocalized almost exclusively with Nuf2 ( Figure 1I-K) . Therefore, Nse4 predominantly localizes to the centromeric/SPB cluster in HU, and to the telomeric clusters following MMS treatment.
HU-induced Nse4 centromeric accumulation depends on heterochromatin establishment
Centromeres and telomeres are highly organized heterochromatic structures in fission yeast (Cam and Grewal, 2004 ). Thus, we tested the heterochromatin dependency of Nse4-GFP focus formation in cells unable to establish de novo heterochromatin, as they lack the H3K9 methyltransferase Clr4 (clr4D). Strikingly, in clr4D cells, HU-induced Nse4-GFP focus formation was abolished; however, MMS-induced Nse4-GFP foci were unaffected ( Figure 1L and M). These data indicate that differential Nse4 subnuclear localization is promoted by Clr4-dependent and -independent mechanisms.
Identification of specific genomic loci occupied by Smc5/6 following exposure to HU and MMS To confirm association of Nse4 with centromeric and telomeric chromatin, we performed chromatin immunoprecipitation (ChIP) of endogenously 3 HA-tagged Nse4 in wild-type (wt) and clr4D cells, treated with HU or MMS. Nse4 enrichment at defined genomic loci was assessed by quantitative PCR (qPCR). Fission yeast centromeres consist of a unique central core domain (cnt), flanked by inverted inner (imr) and outer (otr) repeats, the latter of which contains multiple copies of dg/dh repeats (Cam and Grewal, 2004) . Thus, to map Nse4 localization within centromeres, we measured its accumulation at cnt, otr (dg) and imr, as compared to the non-centromeric origin of replication ars2004 and a non-ars control located 30 kb upstream. In HU-arrested wild-type cells, Nse4 is enriched at otr, and to a lesser extent at cnt and imr (Figure 2A ). Compared with untreated cells, Nse4 binding at otr increased up to six-fold. In HU-arrested clr4D cells, no Nse4 enrichment was observed at otr (Figure 2A ). These data agree with our Nse4-GFP localization data and indicate that otr is the major centromeric domain occupied by Nse4 in HU.
To identify the telomeric domains bound by Nse4 following MMS treatment, we measured its enrichment at a Chr2 subtelomeric domain and at Chr3 rDNA loci ( Figure 2B ). MMS induced robust Clr4-independent accumulation of Nse4 at both Telo2R and rDNA loci, with a weaker increase at ars2004 and non-ars ( Figure 2B ). Although HU treatment predominantly induces otr enrichment of Nse4, MMS treatment induces Nse4 enrichment at telomeres and to a lesser extent at the otr, relative to asynchronous cells (Supplementary Figure 2A) . As an additional control, we performed ChIP for 3 HA-tagged Rad21, a cohesin subunit, which binds otr domains throughout most of the cell cycle (Tomonaga et al, 2000) . In asynchronous cells, Rad21 binding to otr was strong relative to any other locus quantified, and did not change in HU-or MMS-treated cells (Supplementary Figure 2B) . Overall, Nse4 binding at otr and telomeres is enhanced by HU and MMS treatment, respectively.
To map genome-wide Nse4-binding sites, Nse4-3 HA ChIP samples were hybridized on Schizosaccharomyces pombe DNA tiling arrays for 'ChIP-on-chip' analyses. Four cell populations were compared: wild-type asynchronous, wildtype HU and MMS-treated and HU-treated clr4D. Global Nse4-binding profiles reveal that it is widely spread along all three fission yeast chromosomes in asynchronous (mostly G2) wild-type cells, but is scarce at subtelomeres ( Figure 2C ). Apart from the tDNAs (see below), no clear patterns/preferences emerged for the loading of Nse4 on chromosomes of asynchronous fission yeast. Following HU treatment, Nse4 enriched at all centromeres, and disappeared from certain genomic regions ( Figure 2C ). In HU, Nse4 localized to the subtelomeric rDNA repeats on Chr3, but not to the subtelomeric regions of Chr1 and Chr2 ( Figure 2C ). The localization of Smc5/6 to Chr3 subtelomeres likely reflects the presence of rDNA at these loci, which is both repetitive and prone to potentially toxic recombination events (see Coulon et al, 2004; Murray and Carr, 2008) . Given that Smc5/6 of both fission and budding yeasts suppress 'illicit' recombination (e.g. Torres-Rosell et al, 2005; Miyabe et al, 2006; Pebernard et al, 2006) it seems likely that fission yeast Smc5/6 is loaded at the rDNA to suppress toxic recombination at this locus, Tsuyama et al, 2006) . In HU, there is also de novo recruitment/enrichment of Nse4 at the subtelomeric regions of Chr3, which might marginally deplete other loci.
Globally, Nse4 localization appears similar in HU-treated wild-type and clr4D cells ( Figure 2C ). Strikingly, Nse4 preferentially bound to subtelomeric sequences on all three chromosomes following MMS treatment, but appeared somewhat depleted at other loci ( Figure 2C ). This global depletion might be caused by de novo Nse4 loading at the extensive subtelomeres, slowed replication and perhaps many more damage sites distributed across chromosomes, thus averaging out the MAT scores. This analysis confirms that HU treatment induces Nse4 accumulation at centromeres, whereas MMS treatment mainly mobilizes Nse4 to the subtelomeric regions of all three chromosomes.
We next analysed the detailed Nse4-binding pattern at centromeres using our ChIP-on-chip data ( Figure 2D ). In asynchronous cells, Nse4 is enriched at imr, cnt and the tDNAs localized at each centromeric barrier, but is absent from the otr regions ( Figure 2D ). Notably, HU treatment promotes Nse4 binding at the otr without affecting binding at other centromeric regions ( Figure 2D ). The otrs are the major heterochromatic regions of fission yeast centromeres (Partridge et al, 2000) . Nse4 localization at otr follows a distinctive pattern, with peak binding occurring between dg/dh repeats ( Figure 2D ). When compared with published patterns of H3K9Me2 at the otr, Nse4 binding peaks at positions where H3K9Me2 is at a minimum (see Epigenome Home Page http://pombe.nci.nih.gov/ and Cam et al, 2005; Noma et al, 2006) . This phenomenon is particularly obvious on Cen3, which contains the largest number of dg/dh repeats ( Figure 2D ). Notably, in HU-treated clr4D cells, Nse4 does not localize to otr but binds normally to the imr, cnt and tDNAs ( Figure 2D ). Therefore, increased Nse4 centromeric localization in HU-treated cells is mainly restricted to the otr and requires the H3K9Me2 heterochromatic mark. As the Smc5/6-related SMC complex cohesin is enriched at centromeres in a heterochromatin-and Swi6-dependent manner (Bernard and Allshire, 2002) , we tested whether Swi6 is also required for Smc5/6 loading. ChIP-qPCR was performed on Nse4 in wildtype and swi6D cells treated with or without HU (Supplementary Figure 3) . Nse4 was similarly enriched at the otr in both wild-type and swi6D cells in the presence of HU, suggesting that Smc5/6 loads at otr in a largely Swi6-independent manner. To determine whether Smc5/6 affects silencing at the imr and otr centromeric domains, we assayed silencing of a ura4 þ marker inserted at either locus (see Allshire et al, 1995) and detected no differences between wild-type and Smc5/6 mutants (data not shown). Overall, these data indicate that Smc5/6 loads at otr independently of Swi6 and cohesin, and does not have a major impact on otr/imr transcriptional silencing. Our ChIP-on-chip data also reveal specific enrichment of Nse4 at telomeres in MMS but not HU-treated cells ( Figure 2E and not shown). Nse4 is enriched at large subtelomeric regions on Chrs1/2 in MMS but not HU-treated cells ( Figure 2E ). Interestingly, Chr3 telomeres that carry the rDNA repeats show a narrower distribution of Nse4 occupancy in close proximity to the rDNA repeats and local long terminal repeat (LTR) sequences, in both MMSand HU-treated cells ( Figure 2E ). As the rDNA is a known challenge for replication and contains replication fork barriers (RFBs) to maintain co-directionality of transcription and replication, we determined more accurately the MMS-induced localization of Nse4 at the rDNA. Our ChIP-qPCR analyses show that Nse4 localizes proximal to RFBs but apparently peaks within the 17S coding sequence (Supplementary Figure 5) . In conclusion, MMS triggers Nse4 recruitment to all six telomeres (in a Clr4-independent manner), suggesting that MMS-induced Nse4-GFP foci correspond to the telomeric clusters tethered at the nuclear membrane.
Smc5/6 is recruited to centromeres in an unperturbed S phase
To discriminate between cell cycle and replicative stressinduced loading of Nse4 at centromeres, we monitored Nse4 recruitment to otr (dg2 primers), or the control nonars site, throughout the cell cycle by ChIP-qPCR. We first arrested cells in G2 using the temperature-sensitive cdc25-22 allele and added HU prior to release from the arrest, to block S-phase progression and determine the kinetics of Nse4 centromeric loading ( Figure 3A ). Nse4 accumulated specifically at otr 90 min after release, as cells were septating and therefore, initiating S phase ( Figure 3A) . To determine whether Nse4 binds centromeres in an unperturbed S phase, we performed the same experiment in the absence of HU ( Figure 3B ). Nse4 binding at otr in G2/M phase was very low but increased specifically at the onset of S phase, reaching peak binding at maximal septation, and decreasing again in the subsequent G2 phase ( Figure 3B ). Nse4 protein levels do not fluctuate throughout the cell cycle or in response to replication stress (Palecek et al, 2006 and data not shown). Thus, Nse4 is transiently loaded at centromeric otr repeats during early S phase, indicating key functions for Smc5/6 at replicating centromeres.
To test centromere function in Smc5/6 mutant cells, we first analysed mitosis in wild-type and nse6D cells following release from HU arrest into latrunculin B. Under these conditions, cells complete replication, undergo mitosis and arrest in telophase. This allows a more careful analysis of mitotic progression and accumulation of defects, as cells do not continue into a new cell cycle. We monitored segregation of centromere 1 (Cen1) in each strain through a Cen1 proximal LacO repeat array and LacI-GFP (Tatebe et al, 2001) . Although wild-type cells rapidly progressed through mitosis and arrested in telophase, nse6D cells showed an extreme delay (2-3 h) in mitotic progression and accumulated aberrant mitotic figures ( Figure 3C and D) . A notable defect was the appearance and persistence of two Cen1 foci in nse6D nuclei. In addition, lagging chromosomes were abundant in nse6D cells, as also seen in nse4-6 mutant cells (Figure 3C and D; see below). We next treated Smc5/6 hypomorphic mutants, nse2-1 and nse4-6, with the microtubule-destabilizing agent thiabendazole (TBZ; Figure 3E ). Both mutants are hypersensitive to TBZ, indicating centromere dysfunction and defective spindle-kinetochore interactions in these mutants ( Figure 3E ). When stained with DAPI, nse4-6 cells exhibited a high frequency of lagging chromosomes, another symptom of centromere dysfunction ( Figure 3F ). These phenotypes are similar to those of hypomorphic cohesin mutants, which also have defects in centromere structure and function (Bernard and Allshire, 2002) .
Nse2 SUMO ligase activity is critical for MMS-induced subtelomeric recruitment of Nse4
We observed an MMS-induced B15 kDa modification on TAP-tagged Nse4, which did not appear following HU treatment ( Figures 4A and 5C ). This modification was visible as early as 2 h post-MMS treatment and peaked at B5-6 h ( Figure 4A ). As the Smc5/6 subunit Nse2 is a SUMO E3 ligase, we tested whether Nse4 is a SUMO target. The MMSinduced Nse4 modification was absent in Pmt3 (SUMO)-deleted cells ( Figure 4B; Tanaka et al, 1999) . Therefore, either Nse4 is directly sumoylated in response to MMS treatment or Smc5/6 enriched at centromeres, telomeres and tDNAs S Pebernard et al indirectly modified in a SUMO-dependent manner. To discriminate these two possibilities, EGFP or EGFP-Pmt3 was ectopically expressed in wild-type or pmt3D backgrounds ( Figure 4C ). EGFP-Pmt3 expression in a pmt3D strain restored the MMS-induced Nse4 shift at the expected higher molecular weight ( Figure 4C ). To confirm these results at physiological levels of Pmt3, the pmt3 gene was replaced by 6His-tagged pmt3 at its endogenous locus (Xhemalce et al, Cen1 (lys1) and expressing a LacI-GFP fusion were blocked in HU and released in latrunculin B. Cen1 segregation was monitored between 2 and 4 h post-release. Arrows point out aberrant DNA structures as follows. White arrows : abnormal interphase with two separated Cen1; White arrows -: normal anaphase, each centromere being located at each pole of the pulling spindle; White arrows x : aberrant anaphase with lagging chromosomes; Black arrows c: aberrant anaphase with two mis-oriented or mis-attached Cen1; White arrows : aberrant anaphase with only one visible Cen1. (D) Experimental process and quantification of (C). Lower panel, drawings represent the types of events counted for each cell cycle phase described. Dark circle, nucleus; white spot, Cen1. Abnormal metaphase/anaphase regroups multiple abnormal Cen1 and DNA segregation events such as chromosome lagging, centromere missegregation, and so on. (E) Smc5/6 hypomorphic mutants nse2-1 and nse4-6 are hypersensitive to TBZ. Serial dilutions of the indicated strains were spotted on rich media untreated or treated with 15 mg/ml thiobendazole (TBZ), and incubated at 321C. (F) nse4-6 mutants display an elevated number of chromosome lagging events at semi-permissive temperature (321C) when stained with DAPI. Right panel, quantification of left panel. Figure 4A) . Therefore, Nse4 is directly sumoylated in response to MMS treatment. S. pombe has only two known E3 SUMO ligases, Pli1 and Nse2 (Xhemalce et al, 2004 (Xhemalce et al, , 2007 Andrews et al, 2005) . Pli1 is responsible for the majority of detectable sumoylation events (495%) but is dispensable for resistance to genotoxic stress (Xhemalce et al, 2004 (Xhemalce et al, , 2007 Prudden et al, 2007) . In contrast, Nse2 mediates sumoylation of a small and largely undefined subset of target proteins involved in genomic stability. Catalytically inactive Nse2 (nse2-SA) mutant cells are viable but hypersensitive to a wide range of DNAdamaging agents but not spindle poisoning by TBZ (Andrews et al, 2005; Watts et al, 2007; Xhemalce et al, 2007) . Nse4-TAP sumoylation levels were unchanged in pli1D cells ( Figure 4D ), but were abrogated in the nse2-SA mutant background ( Figure 4E; Supplementary Figure 4B) . Hence, Nse2 is responsible for Nse4 sumoylation, which appears to be specific to MMS treatment. For example, HU treatment does not result in Nse4 sumoylation ( Figure 5C ) and high doses of IR do not appear to induce Nse4 modification; even though damage is unrepaired at the time point assayed as monitored by persistent checkpoint activation ( Figure 4F ). However, we cannot exclude that transient or low levels of Nse4 sumoylation occur under these conditions. To determine whether MMS-induced subtelomeric Nse4 foci were SUMO dependent, we monitored Nse4-GFP localization in pli1D and nse2-SA cells. MMS-induced Nse4-GFP foci formed normally in pli1D cells but were strongly attenuated in nse2-SA cells ( Figure 4G and H) . Notably, HU-induced Nse4-GFP foci were normal in both nse2-SA and pli1D cells ( Figure 4G and H). Thus, sumoylation by Nse2 promotes maximal subtelomeric localization/retention of Nse4 in MMS, but not its centromeric localization in HU.
Replication fork collapse induces sumoylation and subtelomeric accumulation of Nse4
HU depletes cells of their nucleotide pool and induces a replication arrest, during which stalled forks are stabilized in a replication checkpoint kinase (Cds1)-dependent manner (Noguchi et al, 2003; Froget et al, 2008) . Consistently, in HUtreated cells lacking Cds1 (cds1D), a high level of irreversible fork collapse is observed (Noguchi et al, 2003; Froget et al, 2008) . Notably, multiple subtelomeric Nse4-GFP foci were detected in HU-treated cds1D cells, similar to those observed in MMS-treated cells ( Figure 5A and B) . In addition, Nse4 was sumoylated following HU treatment of cds1D but not wildtype cells ( Figure 5C ). To confirm that the Nse4 foci in HUtreated cds1D cells correspond to subtelomeric regions, we performed ChIP-qPCR analyses. As anticipated, we detected a robust enrichment of Nse4 at Telo2R in HU-treated cds1D cells as compared with wild type ( Figure 5D ). These results indicate that replication fork collapse stimulates Smc5/6 mobilization to subtelomeric DNA repeats and is accompanied by Nse2-dependent sumoylation of Nse4.
Novel loading sites of Nse4 revealed by ChIP-on-chip
In addition to the HU-and MMS-induced relocalization of Nse4, our ChIP-on-chip analyses revealed binding of Nse4 at all genomic tDNAs ( Figures 2D and 6A) . In contrast to the transient Nse4 centromeric and telomeric enrichments, Nse4 tDNA localization appears to be largely cell cycle-and DNA damage-independent ( Figures 6A and 7A) . We systematically analysed the MAT score value for Nse4 association at each known S. pombe tDNA and found that it was most elevated in asynchronous cells, but still remained high at every tDNA following HU treatment ( Figure 6B ). MMS treatment caused modestly decreased tDNA MAT scores, suggesting that in this context the presence of Nse4 at tDNAs is reduced ( Figure 6B , left panel). On the basis of MAT score, centromeric tDNAs of all three chromosomes were preferential Nse4-binding sites ( Figure 6B , right panel).
Transcription-dependent Nse4 loading at tDNAs
To confirm that Nse4 binding to tDNAs is constitutive, we measured Nse4-3 HA ChIP samples by qPCR at three tDNAs on Chr2 ( Figure 7A) . In untreated cells, Nse4 was associated with these tDNAs as compared with non-centromeric control loci ( Figure 7A ). HU treatment generally increased Nse4 binding to all loci, with the expected strong enrichment at otr ( Figure 7A ). However, there was no overt Nse4 enrich- þ cassette, whereas no change in Nse4 levels could be detected 1 kb away from the deletion ( Figure 7B ). Therefore, Nse4 loading at tDNA-containing genomic loci is due to the presence of tDNA-coding sequences. Genomic tDNAs are transcribed by RNA polymerase III (RNAPolIII) and can cause transcription-dependent replication fork pausing (Deshpande and Newlon, 1996) . Sequential binding of TFIIIC, TFIIIB and RNAPolIII to conserved intragenic A and B Boxes, which constitute RNAPolIII-dependent promoters, is required for tDNA transcription (Paule and White, 2000) . A single point mutation in the B Box abrogates TFIIIC binding, transcription of the tDNA and replication fork pausing activity (Kurjan and Hall, 1982; Allison et al, 1983; Deshpande and Newlon, 1996) . To determine whether Nse4 only binds at transcriptionally active tDNAs, we measured Nse4 binding at a tDNA Tyr genomic locus integrated at an ectopic site (leu1 þ locus) to remove it from the proximity of other active tDNAs. The ectopic tDNA Tyr genomic locus was wild type, B Box mutant or completely deleted for tDNA Tyrencoding sequence. Nse4 binding at 52 bp upstream of the ectopic wild-type tDNA Tyr was similar to its binding at the endogenous tDNA Tyr locus, and no specific binding was detected at two control loci (compare Figure 7B and C) . Strikingly, a single point mutation in the tDNA Tyr B Box eliminated Nse4 enrichment at this locus, comparable to the total absence of tDNA Tyr -encoding sequence ( Figure 7C ). Thus, Nse4 enrichment at tDNAs requires them to be transcriptionally active, which notably, correlates with their replication fork pausing activity.
Discussion
Key functions for Smc5/6 at the heterochromatic centromeres of fission yeast Heterochromatin is found at centromeres in most eukaryotes where it promotes optimal kinetochore structure/function and thus, high-fidelity chromosome segregation (Allshire, 2004; Zofall and Grewal, 2006; Folco et al, 2008) . For example, heterochromatin directs cohesin loading at otrs and consistently, cells defective for either cohesin or pericentric heterochromatin display chromosome segregation errors such as lagging chromosomes and hypersensitivity to the microtubule poison TBZ (Bernard and Allshire, 2002) . Notably, Smc5/6 also localizes to otrs in a heterochromatindependent manner and cells defective for Smc5/6 display similar hallmarks of centromere dysfunction. Therefore, an intimate functional relationship could exist between cohesin and Smc5/6 at the centromeres. Earlier studies in budding yeast and mammalian cells have suggested a dependency of cohesin loading/function on Smc5/6 in response to DNA DSBs (Potts et al, 2006; Strom et al, 2007) . Our results show that Smc5/6 is transiently loaded at centromeres when they are replicated in early S phase (Kim and Huberman, 2001; Hayashi et al, 2007) , which is at or before the establishment of full inter-sister cohesion. Therefore, Smc5/6 might be spatially and temporally placed to modulate cohesin function at centromeres.
A second and not necessarily exclusive role for Smc5/6 at centromeres might involve the known anti-recombinogenic functions of Smc5/6. In response to replication stress and at the rDNA loci in the absence of exogenous damage, Smc5/6 mutant cells accumulate toxic HR-dependent structures, causing severe chromosome segregation defects and cell death at mitosis (Torres-Rosell et al, 2005; Ampatzidou et al, 2006; Miyabe et al, 2006; Pebernard et al, 2006) . On the basis of the enrichment of Nse4 at rDNA, fission yeast Smc5/6 likely functions similarly to the budding yeast complex at these loci, inhibiting deleterious recombination that otherwise impedes normal chromosome segregation (Torres-Rosell et al, 2005) . Interestingly, transcription of the centromeric otr repeats is maximal during early S phase, at which time siRNA precursors are generated to nucleate heterochromatin establishment (Chen et al, 2008; Kloc et al, 2008) . As otr repeats are bi-directionally transcribed, collisions between the transcription machinery and replication forks arising from early replicating pericentric origins appear inevitable. Collision between transcription and replication machineries induces recombination that can be deleterious in repeat rich genomic loci (Prado and Aguilera, 2005) and therefore, Smc5/6 might limit such recombination at otrs to maintain optimal centromere function and chromosome segregation. Potential genome-wide protective function for Smc5/6 at tDNA loci The constitutive genome-wide loading of Smc5/6 at tDNAs is remarkably similar to that of the Ino80 chromatin remodelling and DNA repair complex (Shimada et al, 2008) . The Ino80 complex is critical for recovery from replication arrest/ fork pausing, which is known to occur at transcribed tDNAs (Deshpande and Newlon, 1996; Azvolinsky et al, 2006) . Likewise, the Smc5/6 complex is pivotal for recovery from replication fork arrest (Ampatzidou et al, 2006; Miyabe et al, 2006) . Transcription-associated recombination and resultant genomic instability constitute a well-known phenomenon (Aguilera, 2002) , whereby collision of the RNAPolII transcription and replication fork machineries promotes extraneous recombination (Prado and Aguilera, 2005) . The same principle almost certainly applies to the highly transcribed tDNAs. Notably, 'breakpoints' of gross chromosomal rearrangements in Smc5/6 mutants of budding yeast cluster strongly around tDNAs and some other repeated sequences in the genome (Hwang et al, 2008) . Thus, Smc5/6 loading at tDNAs genome-wide likely reflects the need to protect replication-sensitive and repetitive chromosome loci from spontaneous rearrangement. Although this is our favoured model for Smc5/6 function at tDNAs, we do not exclude other possibilities such as tDNAs being cis-acting loading sites for Smc5/6, as they are for the related condensin complex (see D'Ambrosio et al, 2008 and below) .
Comparison of genome-wide Smc5/6 loading between the budding and fission yeasts
The global chromosomal localization of budding yeast Smc5/ 6 has been described (Lindroos et al, 2006) and our studies of the fission yeast Smc5/6 complex identify some interesting similarities and differences in chromosomal loading of the complex. Comparison of the loading sites of Smc5/6 on the structurally distinct chromosomes of these highly divergent yeasts indicates functions that are likely to be conserved to higher eukaryotes.
In fission yeast, Smc5/6 transiently localizes to centromeres as they are replicated, whereas in budding yeast, centromere occupancy of Smc5/6 is maximal at G2/M. Despite these differences, Smc5/6 function is required during replication in both yeasts to promote faithful and timely centromere separation at the metaphase-anaphase transition (this study and Lindroos et al, 2006) . This indicates that Smc5/6 will also have critical functions at the regional heterochromatic centromeres of higher eukaryotes, which are similar to those of fission yeast.
Smc5/6 in both yeasts is enriched around the rDNA loci; however, in budding yeast loading is apparently reduced in HU-arrested cells, whereas in fission yeast, it is strongly increased. Irrespective of this difference, it is likely that Smc5/6 has similar replication-coupled functions at these loci in both yeasts, that is, suppressing recombination in replication-sensitive repetitive chromosomal regions. In budding yeast replication checkpoint-defective rad53D cells, HU treatment resulted in a genome-wide enrichment of Smc5/6 around what are presumably sites of fork collapse (Lindroos et al, 2006) . We did not perform ChIP-on-chip analyses of Smc5/6 in replication checkpoint-deficient cells; however, using immunofluorescence and ChIP-qPCR we found that Smc5/6 is enriched at subtelomeric regions in HU-treated cds1D (ScRad53) cells. Thus, Smc5/6 in both yeasts is recruited to chromatin when forks collapse, presumably reflecting the requirement for the complex in restarting collapsed replication forks (Ampatzidou et al, 2006) . Interestingly, MMS treatment of fission yeast provoked a similar redistribution of Smc5/6 to subtelomeres as seen in HU-treated cds1D cells, indicating that Smc5/6 is also important for replication on damaged DNA templates. A similar genome-wide effect has not been determined for MMS-treated budding yeast.
An intriguing finding is that fission yeast Smc5/6 loads at all tDNAs across the genome in a TFIIIC and transcriptiondependent manner (see above). Such tDNA loading was not reported for the Smc5/6 complex in budding yeast (Lindroos et al, 2006) . However, a very recent study demonstrated that the Smc5/6-related SMC complex, condensin, loads at tDNAs in both budding and fission yeasts (D'Ambrosio et al, 2008) . Furthermore, the loading of condensin at tDNAs requires the Scc2/4 cohesin loader complex, which also localizes at tDNAs across the genome (D'Ambrosio et al, 2008). As Scc2/4 was previously shown to load budding yeast Smc5/ 6 on undamaged chromosomes (Lindroos et al, 2006) , it is possible that Smc5/6 will also load at tDNAs in budding yeast, but this remains to be confirmed. In this regard, it is interesting to note that Smc5/6 mutant budding yeast undergo gross chromosomal rearrangements, which in many cases are initiated proximal to tDNAs (Hwang et al, 2008) . It is now clear that Scc2/4 has roles in certain aspects of loading for all three SMC complexes, thereby confounding straightforward assignment of Scc2/4 mutant phenotypes, requiring confirmation that observed defects are also associated with specific SMC complex mutants.
Sumoylation by Nse2 promotes Nse4 recruitment to damaged telomeres
Nse2-dependent sumoylation is crucial for cell survival following MMS treatment (Andrews et al, 2005; Zhao and Blobel, 2005) and we now show that Nse2 promotes the sumoylation and enhanced subtelomeric recruitment of Nse4 in response to MMS. Thus, recruitment of Smc5/6 to damaged telomeres might be a crucial function of Nse2-dependent sumoylation in response to MMS; however, the critical targets of Nse2-dependent sumoylation required for this phenomenon are currently undefined. Both sumoylation and ubiquitination can modify protein function by generating new protein-protein interactions that are mediated by SUMO and ubiquitin-binding motifs, respectively (Kerscher et al, 2006) . For example, PML subnuclear body formation requires both auto-sumoylation of PML and non-covalent PML-SUMO interactions mediated by SUMO-interacting motifs in PML (Shen et al, 2006) . In yeast, Nse2-mediated sumoylation inhibits the formation of pathological recombination structures at damaged replication forks, and similar results have been observed with other hypomorphic mutants of the Smc5/ 6 holocomplex (Ampatzidou et al, 2006; Branzei et al, 2006; Miyabe et al, 2006; Pebernard et al, 2006) . Thus, the SUMOmediated recruitment/accumulation of Smc5/6 at damaged/ collapsed forks is likely a critical function of Nse2-dependent sumoylation.
Conclusion
Similar to cohesin, the localization of Smc5/6 to otrs is heterochromatin dependent. In addition, Smc5/6 mutant cells exhibit chromosome segregation defects similar to cells hypomorphic for cohesin and heterochromatin establishment factors. In a distinct pathway, Nse2-mediated sumoylation promotes accumulation of Smc5/6 at collapsed replication forks and damaged subtelomeric DNA, but is dispensable for Smc5/6 localization to centromeres. Thus, the fission yeast Smc5/6 holocomplex responds to different signals to promote faithful chromosome segregation during normal or perturbed cell cycles.
Materials and methods
Yeast strains and methods
Standard fission yeast culture methods were used as described earlier (Moreno et al, 1991) . A complete list of the strains used in this study is provided in Supplementary Table 1 .
Microscopy
Microscopy techniques were described before (Pebernard et al, 2004) . Cells were treated with 0.03% MMS (v/v) or 15-25 mM HU (Sigma-Aldrich) and grown for 6 h at 301C or 7 h at 251C. For DAPI staining experiments, cells were fixed for 1 min in 70% EtOH, washed in 1 Â PBS, and mixed with 500 mg/ml DAPI prior to analysis. To monitor centromeric segregation, wild-type and nse6D cells fluorescently marked at Cen1 were synchronized in early S phase by a 4.5 h treatment with 12 mM HU at 321C. After full arrest was observed, cells were released into fresh media containing 10 mM latrunculin B (AG Scientific). This treatment allows wild-type cells to go through mitosis and arrest in telophase. Time points were collected 2-4 h post-release and cells were scored for nuclei and Cen1 content. In total, 200-300 cells were counted in 2-3 independent experiments and a representative experiment is shown.
ChIP assays
ChIP experiments were performed as described (Ogawa et al, 1999) . Cleared lysates were incubated with protein G dynabeads (Invitrogen, CA) pre-bound to anti-HA (12CA5; Babco) or anti-myc (9E10; Babco) antibodies. DNA samples were purified using the PureLink PCR purification kit (Invitrogen). qPCR was performed on inputs and ChIP-enriched samples using a Chromo-4 four-colour detector system (Bio-Rad) using the iQ SYBR Green Supermix (Bio-Rad) and indicated primer pairs. Primer sequences are detailed in Supplementary data. Data are represented as the % DNA recovery in ChIP samples relative to the initial amount of DNA in the inputs, or in fold increase normalized to the background signal at non-ars site. All error bars represent the standard error between experimental duplicates, averaged between duplicate or triplicate qPCR measurements.
ChIP-on-chip
Input and ChIP samples were amplified and hybridized on Affymetrix S. pombe tiling arrays FR1.0. See Supplementary data.
Detection of sumoylated Nse4
Nse4-TAP-tagged strains were grown in YES at 321C and treated with 0.03% MMS (v/v) or 12 mM HU for 5 h at 321C. For gammairradiation, cells were treated with 200 Gy and recovered at 321C for 2 h. Cells were lysed in SpLysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.2% NP-40, 0.5 mM EDTA, 20 mM N-ethyl maleimide, 50 mM NaF, 0.05 mM Na 3 VO 4 , Complete Protease Inhibitors EDTA-free (Roche, IN), 4 mM PMSF) bound to IgGSepharose beads (GE Healthcare), washed and directly boiled in sample buffer. Eluates were loaded on 3-8% Tris-acetate midi gels (Invitrogen). Nse4-TAP was detected by immunoblotting with the peroxidase-anti-peroxidase (PAP) antibody (Sigma-Aldrich) and developed using Super signal west dura substrate (Pierce, IL).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
